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a b s t r a c t

In this article, we report the use of nanochannel arrays as supports for proton exchange membranes in
microfluidic fuel cells. The proposed design has been demonstrated by fabricating a sodium silicate based
sol–gel structure within such an array bridging two microchannels containing the fuel (HCOOH) and the
oxidant (KMnO4) streams. A voltage was generated in this system by bringing two platinum electrodes in
vailable online 16 December 2009

eywords:
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contact with these solutions and then connecting them through an external circuitry. With this current
design, we have been able to generate an open circuit potential of 1.31 V and a maximum current of
31.2 �A at 25 ◦C.

© 2010 Elsevier B.V. All rights reserved.
ol–gel membranes
anochannels

. Introduction

The explosive growth of portable and wireless consumer elec-
ronics over the past few years has spurred the development of
ew power source technologies having increased power and energy
ensities. Although lithium-ion and nickel metal hydride based
echargeable batteries are well serving this requirement at the
resent, battery technology is unlikely to keep pace with the grow-

ng power demands of electronic devices with high broadband
pplications [1,2]. Further exacerbating the demands on power
ources for next generation of personal electronics is the trend
owards smaller, lighter and more compact devices. Miniatur-
zed/microfluidic fuel cells have received considerable attention as
promising solution to these demands on portable power sources

3–5]. Fuel cells have the key advantage that the energy is stored in
hemical form in the fuel. Therefore, if the conversion platform can
e made sufficiently small, and the fuel can be provided in easy to
andle, high concentration cartridges, then a fuel cell will provide
xtended time between recharge for comparably sized recharge-
ble batteries.

The current state-of-art for microfluidic fuel cells primarily con-

ists of two classes of designs. The first among these does not
equire a membrane between the cathodic and the anodic com-
artments but rather relies on the continuous laminar flow of the
uel and oxidant streams within a microchannel to minimize their

∗ Corresponding author. Tel.: +1 307 766 4318; fax: +1 307 766 2807.
E-mail address: ddutta@uwyo.edu (D. Dutta).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.032
mixing [6,7]. Although this design tends to yield a high power
output due to minimal internal Ohmic resistance, it requires contin-
uous pumping of the fuel and oxidant streams via external means
and therefore a supply of external energy. In addition, the need
to flow the fuel and oxidant streams at high velocities limits their
allowable usage in these devices, which is determined by the res-
idence time of these chemicals in between the electrodes [7]. The
other class of designs for microfluidic fuel cells takes a more con-
ventional approach in which an ion-selective membrane is placed
between the cathodic and anodic compartments to physically sepa-
rate the fuel and oxidant streams. Motokawa et al. [8], for example,
demonstrated such a device by sealing a commercially available
sheet of Nafion membrane between a silicon and glass plate. This
design however, although simple to realize, inherently suffered
from leakage issues, which in addition to posing potential chemi-
cal hazards can also significantly deteriorate its performance due
to fuel cross-over. Liu et al. [9] in a different effort described and
systematically investigated a new design for microfluidic fuel cells
in which sub-micrometer scale channels (nanochannels) fabricated
on glass substrates were employed as proton exchange membranes.
The selective conductance of protons through the nanochannels
was realized in this work by operating the device under electri-
cal double layer overlap conditions. The authors reported that the
apparent proton conductivity in the nanochannels under these con-

ditions was several orders of magnitude larger than that in the
bulk solution [10]. This design although offered the membrane
structure greater mechanical and thermal stability compared to a
clamped Nafion sheet, it suffered from a serious practical limitation
which was its limited power output (∼3 nW). The small amount of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ddutta@uwyo.edu
dx.doi.org/10.1016/j.jpowsour.2009.12.032
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ig. 1. (a) Schematic of the microfluidic fuel cell design presented in this work. (
hannel containing the fuel stream (formic acid) as well as the array of nanochanne

lectrical current that could be drawn out of this device was asso-
iated with the small cross-sectional area and substantial length of
he nanochannel array that was necessary to minimize fuel cross-
ver via electroosmotic transport across the anodic and cathodic
ompartments. More recently, Song et al. [11] presented a PDMS
evice in which a thin layer of a perfluorinated ion-exchange resin
as integrated between two microchannels carrying the fuel and

xidant streams using microfabrication methods. The integrated
embrane in this design eliminated all leakage/fuel cross-over

ssues and allowed a power output that was several orders of mag-
itude greater than that yielded by Liu et al.’s device.

In this communication, we propose an alternative strategy to
reating proton exchange membranes (PEM) for microfluidic fuel
ells using a design that employs features from both Liu et al. and
ong et al.’s devices. In the proposed design, the PEM is created
y selectively retaining a precursor material within a nanochannel
rray that bridges two microchannels carrying the fuel and the oxi-
ant streams via capillary forces. This precursor is then provided
uitable physical/chemical treatment to transform it into an ion-
elective membrane. The proposed strategy has been demonstrated
n this work by fabricating a sodium silicate based sol–gel structure

ithin a nanochannel array bridging the cathodic and the anodic
ompartments of a microfluidic fuel cell.

. Methods and materials

.1. Device fabrication

The fuel cell device reported in this article comprises two
icrochannels, 298 �m deep and 1300 �m wide (at half depth),
hich were chemically etched on a glass substrate using wet etch-

ng techniques [12] (see Fig. 1). A second glass plate was then
onded to this substrate using sodium silicate solution (2.7% SiO2,
.4% NaOH by weight) as an adhesive layer [13]. Prior to the
onding process however, an array of nanochannels (233 nm deep
nd 500 �m wide) was chemically etched on the cover plate to
ccommodate the PEM structure. The bonding between the base
ubstrate and the cover plate was accomplished by first placing
xcess sodium silicate solution on the cover plate and then immedi-
tely bringing the two plates in contact such that the nanochannels
tched on the cover plate ran perpendicular to the microchannels
reated on the base substrate (see Fig. 1). Upon bringing the two

lates in contact, the sodium silicate precursor filled up both the
icrochannels as well as the nanochannel array bridging them.
t this point, vacuum was applied to the terminals of the flu-

dic network to pump out the sodium silicate solution from the
icrochannels. During this pumping process the solution within
ical photograph of the microfluidic fuel cell device used in our experiments. The
h sol–gel packing structures has been outlined artificially in this picture for clarity.

the nanochannel bridge did not escape however, due to the larger
capillary forces allowing us to selectively retain the precursor
material in this region. The device was then treated at 90 ◦C in
a conventional oven at atmospheric pressure for about 15 min to
transform the sodium silicate precursor in the nanochannel bridge
into a silica gel [13,14], a porous hard glassy substance. Finally, the
bonding between the two glass plates was allowed to complete
under ambient conditions for about 12 h.

2.2. Device operation

The device described above was operated in our experiments
by filling up one of the microchannels with a fuel stream, 1 M
formic acid, and the other with an oxidant stream, 0.15 M KMnO4
in 0.5 M H2SO4. Upon bringing in contact two platinum electrodes
with these solutions in the fluid reservoirs at which the microchan-
nels terminate, an electrical voltage was generated in the system.
In this circuitry, the porous silicate structure fabricated within the
nanochannel array bridging the two microchannels acted as a PEM
that preferentially allowed protons to pass through it [14]. The elec-
trical performance of this fuel cell device was then characterized
through open circuit potential and chronoamperometric measure-
ments made using an electrochemical analyzer under different
operating conditions.

3. Results and discussion

3.1. Physical characterization of the PEM structure

Prior to the electrical characterization of the microfluidic
fuel cell device presented here, efforts were made to visualize
the sol–gel membrane structure that was fabricated within a
nanochannel array using the procedure described above. In Fig. 2,
we have presented an optical image of this membrane created
within a nanochannel segment bridging two microchannels that
carried the fuel and the oxidant streams. In all our devices, it was
observed that the sol–gel structure occupied about 40% of the space
in the nanochannel bridge which we believe is likely due to the
shrinkage of the sol–gel structure as a result of solvent evaporation
during the membrane fabrication process [14]. It was also noted
that this sol–gel network sometimes formed at one edge of the
nanochannel bridge (as in Fig. 2) and sometimes closer to the center

of the nanochannel segment. One reason for this observation may
be the statistical nature of the membrane formation process likely
initiated by the presence of a glass particle sticking to the channel
surface in the nanochannel bridge or the local surface roughness in
the nanoscale conduit. In addition, it is also possible that an unequal



3638 C.J. Wadsworth et al. / Journal of Power

F
w
w

s
n
m
t
i
f
o
t
t
s

3

d
c
e
p
i
(
r
e

F
o
t
o

ig. 2. Optical image of the sodium silicate derived sol–gel membrane fabricated
ithin the nanochannel array of the microfluidic fuel cell device presented in this
ork.

eparation gap between the two glass substrates in the nanochan-
el bridge at the time of bonding affects the location of the sol–gel
embrane. Note that a membrane is more likely to form in a region

hat has a smaller separation gap as the sodium silicate solution
s retained more strongly around this area due to larger capillary
orces. It is important to point out however, that the performance
f our fuel cell was observed to be unaffected by the location of
he sol–gel membrane. The optical image in Fig. 2 also shows that
he sol–gel structure formed within the nanochannel bridge was
patially non-uniform.

.2. Electrical characterization

The electrical performance of the microfluidic fuel cell device
escribed above was characterized in our work by making open
ircuit potential and chronoamperometric measurements using an
lectrochemical analyzer (CH Instruments Inc.). In Fig. 3, a typical

olarization curve for this device has been presented for an operat-

ng temperature of 25 ◦C. Note that the current density in this figure
the x-axis) has been calculated based on the area of the membranes
ather than that of the electrodes. This is because no increase in the
lectrical current was observed in our device when the electrode

ig. 3. Polarization curve for the microfluidic fuel cell device presented here when
perated at 25 ◦C. In this experiment a solution of 1 M formic acid was chosen as
he fuel while a solution of 0.15 M KMnO4 in 0.5 M sulfuric acid was chosen as the
xidant.
Sources 195 (2010) 3636–3639

surface area was increased. This suggests that the electrical cur-
rent delivered by our fuel cell was not limited by the kinetics of the
electrochemical reactions but rather by the Ohmic resistance of the
membrane, which has also been suggested to be the case for Liu et
al.’s [9] device.

Our measurements showed that the open circuit potential for
the fuel cell described above was 1.31 V while the maximum
current density that could be extracted from it i.e., for a zero
external load, was 1487.8 �A cm−2. In this situation, the maximum
power output of this unit was calculated to be 405.3 �W cm−2.
These numbers correspond to a maximum total current of 31.2 �A
and a maximum total power of 8.5 �W. If the maximum current
and power densities were calculated based on the surface area
of the electrodes in our device, these quantities turn out to be
49.7 �A cm−2 and 13.5 �W cm−2, respectively. Note that because
current densities of the order of 1 mA cm−2 or higher have been
reported in the literature [4] for the choice of fuel, oxidant and cat-
alyst used in this work, the hypothesis that the power output of
our device was not limited by the surface area of the electrodes is
further supported.

The observed power output of our device corresponds to an
improvement in this quantity by a factor of 2833 (8.5 �W versus
3 nW) over that reported for the fuel cell design presented by Liu
et al. [9] We believe that this improvement is primarily accom-
plished due to the use of a low resistance PEM structure in our
system. The presence of this structure allows us to use a high con-
centration of fuel and oxidant in our device enhancing the kinetics
of the electrochemical reactions as well as minimizing the inter-
nal Ohmic resistance of the fuel cell. Note that in the case of Liu et
al.’s device, a high concentration of the fuel and oxidant may not
have been permissible in order to realize the electrical Debye layer
overlap condition within the nanochannels that was necessary for
the operation of their fuel cell. It is also interesting to note that the
total electrical current output of our device was observed to be 8
times higher than that reported by Song et al. (31.2 �A versus 4 �A)
[11] although the fuel concentration used in that work was about
8 times greater than that used in our experiments. In addition, the
open circuit potential reported by Song et al. was about 40% lower
than that observed for our fuel cell. While the larger current output
in our device may be associated with the lower Ohmic resistance
of our PEM, we believe that the quality of the electrodes (external
electrodes in our case versus micropatterned electrodes in Song et
al.’s device) may have determined the difference in the open cir-
cuit potential measurements. In any case, these findings suggest
that the use of micropatterned electrodes, which requires a greater
fabrication effort, may not be necessary in a microfluidic fuel cell
design with an integrated PEM.

In Fig. 4, we have depicted the effect of temperature and
fuel/oxidant concentrations on the performance of our microfluidic
fuel cell device. Fig. 4(a) shows that upon increasing the operating
temperature, greater electrical power could be extracted out of the
microfluidic fuel cell presented here. For example, the maximum
current density that can be drawn out of our device increases from
1487.8 �A cm−2 to 1955.2 �A cm−2 upon increasing the operating
temperature from 25 ◦C to 70 ◦C. The same increase in temperature
however, was not observed to significantly affect the open circuit
potential in the system. In these experiments, the operating tem-
perature of our fuel cell was controlled by placing the device on a
hot plate. In Fig. 4(b) we have presented the effect of fuel/oxidant
concentrations on the performance of our device. As may be seen
from the figure, a reduction in the concentration of the fuel or the

oxidant used reduces the power output of our fuel cell. Again, we
believe that the observed increase in power output with an increase
in operating temperature or fuel/oxidant concentrations is likely
due to an increased conductance of our membranes rather than
any enhancement in the reaction kinetics.
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[
[13] H.Y. Wang, R.S. Foote, S.C. Jacobson, J.H. Schneibel, J.M. Ramsey, Sens. Actuators
ig. 4. (a) Effect of operating temperature on the performance of the microfluidic f
nd 0.15 M KMnO4 in 0.5 H2SO4 oxidant stream. (b) Effect of fuel and oxidant con
perated at 25 ◦C.

Finally, we would like to point that the choice of the oxidant
KMnO4) in our experiments was not the best one as it led to the
eposition of brown debris (likely to be MnO2 particles) around
he sol–gel membrane (see Fig. 2). Although this deposition did not
ppear to affect the performance of the fuel cell in our experiments,
e suspect this problem could significantly shorten the life time of

ur device. Interestingly, these debris could be completely cleaned
ut from the microchannels in our device by rinsing them with a
olution of 90% 0.5 M H2SO4 and 10% H2O2 for about 10 min. In this
ork, adopting the above described rinsing procedure after every

xperimental run may have allowed us to use our microfluidic fuel
ell for multiple experiments without noticing any deterioration
n its performance. In a real application however, the problem of

embrane fouling by KMnO4 may be more easily addressed by sim-
ly switching to a different oxidant system, e.g., hydrogen peroxide
15]. The only reason we had chosen to use KMnO4 in our experi-

ents was to be able to directly compare the performance of our
uel cell device to those presented by Liu et al. [9] and Song et al.
11].

. Conclusions

To conclude, we have demonstrated a novel microfluidic fuel
ell device that employs a sodium silicate based sol–gel struc-
ure supported within a nanochannel array as the proton exchange

embrane (PEM). Experiments show that this architecture allows
n enhancement in the power output by a factor of 2833 over
similar device that employs an open nanochannel array as the

EM. Moreover, the proposed design yields a maximum current
hat is 8 times higher than that produced by a similar device with
n integrated perfluorinated ion-exchange membrane. It is also to

e noted that the fabrication effort involved in creating the PEM
tructure in this work is significantly less than that reported by
ong et al. [11] which is likely to reduce the manufacturing cost
f these devices. It is anticipated that production of the proposed
uel cells to be no more expensive than that of any other glass

[

[

ll device presented in this work when operated with a 1 M formic acid fuel stream
ations on the performance of microfluidic fuel cell presented in this article when

microfluidic device. However, with advancements in nanofabri-
cation techniques, it may be possible to adopt this technology to
polymer/ceramic based devices which could significantly cut down
the manufacturing cost when produced on a large scale. Finally, it
is important to point out that while the membrane in this work was
fabricated using a sodium silicate precursor, the proposed device
could potentially accommodate PEMs made out of other materials
offering flexibility to our fuel cell design.
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